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ABSTRACT
Silver has been utilized for its antimicrobial properties for thousands of years in a variety
of fields, extending the shelf life of food and water, rendering eating utensils sanitary, and more
recently in biomedical applications such as silver based antiseptic creams. While effective as an
antimicrobial agent at very low concentrations (µg/mL), silver imparts a strong color to objects it
is incorporated into, due to its high plasmonic efficiency. The goal of this study was to determine
if incorporating silver nanoparticles into a silica matrix could reduce or eliminate the plasmonic
signal, while retaining the antimicrobial effects of the silver nanoparticles.
Citrate capped silver nanoparticles (AgNP) were synthesized using a borohydride
reduction method as outlined by Zheng et. al., and incorporated into silica nanoparticles using a
method adapted from Fleger et. al. To test the antimicrobial efficacy of these synthesized silica
coated silver nanoparticles (SiAgNP), minimum inhibitory concentration testing at three time
points, 1, 4, and 8 hours, was carried out against E. coli and S. aureus using broth microdilution
and Alamar Blue as an indicator of microbial growth. Efficacy was judged against uncoated
AgNP and aqueous silver nitrate (AgNO3) solutions at equivalent Ag concentrations. Silica
nanoparticles (SiNP) were utilized as a negative control. Further antimicrobial characterization
using a bacterial viability assay revealed a time dependent killing trend in the SiAgNP,
suggesting a controlled release of Ag+ from within the silica matrix. Efficacy of the SiAgNP was
determined to fall between the most effective antimicrobial form of silver tested, AgNO3, and
least effective, AgNP. However, the SiAgNP material exhibited no visible plasmon peak when
UV-Visible spectrophotometric readings were taken, as well as remaining colorless when coated
iii

onto a ceramic substrate. Zeta potential revealed a high degree of colloidal stability of the
SiAgNP. TEM imaging studies were carried out, verifying the presence of Ag within and on the
silica nanoparticles, as well as the crystalline structure of the uncoated AgNP. It was determined
that coating AgNP synthesized through borohydride reduction with silica through a Stöber
synthesis mechanism yields a material with enhanced antimicrobial effects compared to AgNP,
but with no detectable plasmon signal, effectively producing a non-color forming silver based
antimicrobial.
Keywords: Silver, Silica, Antimicrobial, Surface Coating, Plasmonic
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CHAPTER 1 INTRODUCTION

1.1 Silver

Silver has been utilized for its ductility, luster and value for millennia, seeing use in
jewelry, utensils and food and water storage since Classical times. It was not until the mid 1900’s
that the antimicrobial characteristics of silver (Ag) began to be explored in depth, at which point
use in silver nitrate eye drops for use in infants and silver sulfadiazine creams came into use in
the healthcare field. These compounds take advantage of the high potency of the Ag+ ion against
microbes, while leaving eukaryotic cells unharmed when applied topically at microbicidal
concentrations. [1]

1.2 Antimicrobial Silver

Many studies have been carried out to determine a mechanism of action for the
antimicrobial activity of Ag. Ionized silver, Ag+, the bio-available form of metallic silver, Ag0,
has a generally accepted mechanism of killing involving the binding of sulfur and phosphorous
within the cell, disrupting protein and DNA structures, leading to inhibition of essential cellular
processes, membrane disruption, and DNA damage, ultimately leading to the death of the cell.
Other work has suggested Ag induces decoupling of the respiratory chain, leading to cell death.
[2-6]
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1.3 Antimicrobial Surfaces

Recently, the market has seen the emergence of items with built in antimicrobial
capabilities, such as toilet handles, pens, door knobs and sink handles.[7] While these items
reduce the potential for fomite mediated transmission of organisms between individuals, they
require antimicrobial additives at the fabrication stage, leading to purpose made items. A gap in
the market exists for a surface coating which can render an object antimicrobial, while remaining
visually indistinguishable from an untreated surface, allowing users to treat, rather than replace,
items they wish to sanitize. Application of silver to a surface imparts antimicrobial activity,
however it also produces an unpleasant dark brown to grey color due to the aggregation of the
silver particles, leading to a strong plasmon signal.[8-10] One method of reducing the plasmon
signal involves coating nanoparticles in a dielectric material, shifting the plasmon resonance out
of the visible spectrum, rendering it colorless for our purposes. [10, 11]

1.4 Silver Plasmons and Damping

Metallic silver exhibits high plasmonic efficiency, due to the collective oscillation of
valence electrons when an incident photon matches their resonant frequency, leading to emission
of that energy as a photon.[11] While this phenomenon is useful in a variety of applications,
most notably as a signal enhancement mechanism for biological probes, it is problematic when
attempting to render Ag colorless. The use of a dielectric coating is known to shift the plasmon
peak, depending on thickness and material.[8, 10, 11] In this study, we examine the impact on
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the antimicrobial activity of AgNP when coated with silica as a means to reduce the visible
plasmon signal.

1.5 Silica

Silica, SiO2, is a stable, extremely non-toxic compound which we interact with on a daily
basis, in products ranging from windows to food additives to prevent caking. It is well suited as a
host matrix for AgNP in our application, due to its established non-cytotoxicity, as well as low
cost and ease of synthesis with our facilities.[12-14] Our group specializes in silica based
chemistry, leading to its application to many of the problems we seek to solve.

1.6 Silica/Silver Antimicrobials

Silica/silver nanomaterials have been investigated as antimicrobial agents by other
researchers, but to the best of the author’s knowledge at the time of writing, no studies
investigating plasmonic damping in conjunction with the antimicrobial effects of such materials
have been carried out.[5, 15, 16] Our objective was to synthesize a silver nanomaterial which
maintained the strong antimicrobial characteristics of Ag, while shifting the plasmon out of the
visible spectrum.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Materials

Reagents used for synthesis were purchased from commercial vendors and used as
received, with no additional purification. Silver nitrate (AgNO3, Acros Organics), sodium
borohydride (NaBH4), and trisodium citrate (TSC, Fisher Biotech) were utilized in the synthesis
of silver nanoparticles for testing. Tetraethylorthosilicate (TEOS, Gelest Inc.), ammonium
hydroxide (NH4OH, Fisher), and 95% ethanol (EtOH, Fisher) were utilized in the coating of the
synthesized silver nanoparticles. Muller Hinton II (MH2) agar and broth were purchased from
Fluka, and prepared as directed in the literature using a Tuttnauer EZ10 autoclave. 10X
phosphate buffered saline was purchased from Life Technologies and diluted to 1X using
deionized water (Nanopure; Barnstead Model # D11911), and filter sterilized using a 0.2 micron
Nalgene filter. M9 minimal salts + 1% glucose media was generated from M9 minimal salts
(Sigma) and dextrose powder (Fluka) using deionized water, and filter sterilized using a 0.2
micron Nalgene filter. Eschericia coli (ATCC# 10536) and Staphylococcus aureus (ATCC#
25923) were purchased from the American Type Culture Collection and maintained on MH2
agar plates for the following experiments, and grown for 12-14 hours in MH2 broth prior to
broth micro dilution testing. Alamar blue (Life Technologies,Cat #DAL1100) was utilized as
received. Carbon coated 400 mesh copper TEM grids were purchased from Electron Microscope
Sciences.
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2.2 Instrumentation

Spectrophotographic

measurements

were

taken

using

a

Cary

300

Bio

UV-Vis

Spectrophotometer. Samples were dried using a Labconco lyophilizer operating at 0.024 mBar.
Microwell plates were purchased from Fisher Scientific (Cat#08-772-2C) and read using a Tecan
infinite 200 plate reader at 570/600 nm. TEM images were obtained using an FEI Tecnai F30
TEM operated by Mr. Matt Schneider.

2.3 Methodology

2.3.1 Synthesis of Materials

2.3.1.1 Synthesis of Citrate Capped Silver Nanoparticles

Citrate capped silver nanoparticles were synthesized at a silver concentration of 0.29
mM, utilizing a borohydride reduction protocol.[8] For each synthesis, a rectangular glass bottle,
total volume approximately 120 mL, was washed with a small volume of acetone to remove
manufacturing residues, and allowed to dry. 100 mL of room temperature deionized water was
then placed in the bottle, to which 31.2 mg trisodium citrate (TSC) was added. The bottle was
shaken to dissolve the TSC and then chilled to approximately 0° Celsius, as indicated by the
formation of small ice crystals in the solution. Further agitation was utilized until it was observed
that the ice crystals were no longer visible. The chilled bottle was placed in an ice bath on a stir
plate, a small stir bar added, and set to stir at approximately 800 rpm. Fresh 5 mM silver nitrate
solution was prepared using 10 mL of room temperature ddH2O and 8.5 mg silver nitrate
5

powder, and shaken until dissolved. 6.25 mL of this solution was added to the chilled, stirring
TSC solution. Fresh sodium borohydride solution was mixed immediately before use by adding
37.8 mg NaBH4 to 10 mL of room temperature deionized water, and shaking vigorously. 625 µL
of the NaBH4 was then added at a rate of approximately 60 µL / 30 seconds to the vigorously
stirring 0° C silver nitrate / TSC solution. A rapid initial color change from transparent and
colorless to translucent dark yellow was observed, followed by a gradual color change to
transparent brilliant yellow as the reaction progressed. After the entire volume, 625 µL, of
NaBH4 solution was added, taking approximately 5 minutes, the reaction was left to stir for two
hours at 0° C. After two hours, the bottle was transferred to a refrigerator at 4° C for storage.

2.3.1.2 Synthesis of Silica Coated Silver Nanoparticles (SiAgNP)

After synthesis, the citrate capped silver nanoparticles (AgNP) were diluted to a final
concentration of 0.24 mM by adding 16.117 mL AgNP stock to 3.519 mL ddH2O. This stock
solution was then added to 79 mL of 95% ethanol, and placed on a stir plate at 400 rpm. The
color of the solution was noted to be bright yellow. 223 µL TEOS were added and allowed to
fully dissolve into the ethanol solution under stirring. To initiate the coating reaction, 933 µL of
NH4OH was added, and allowed to stir overnight, 12 – 15 hours. After stirring 12 – 15 hours, an
additional 100 µL of TEOS was added, and allowed to stir for another 1 hour. An additional 100
µL of TEOS was then added and allowed to stir for 1 more hour. After synthesis, the initial
yellow color of the solution was replaced by a milky white, indicating successful coating of the
silver nanoparticles.
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2.3.1.3 Synthesis of Silica Nanoparticle (SiNP) Control Material
19.636 mL of ddH2O was added to 79 mL of 95% ethanol, and placed on a stir plate at
400 rpm. 223 µL TEOS were added and allowed to fully dissolve into the ethanol solution under
stirring. To initiate the reaction, 933 µL of NH4OH was added, and allowed to stir overnight, 12
– 15 hours. After stirring 12 – 15 hours, an additional 100 µL of TEOS was added, and allowed
to stir for another 1 hour. An additional 100 µL of TEOS was then added and allowed to stir for
1 more hour. After synthesis, the solution was noted to be transparent.

2.3.1.4 Purification of Materials
10 mL aliquots of each material, SiNP and SiAgNP, were placed into 15 mL conical
tubes and snap frozen in liquid nitrogen. The frozen samples were then lyophilized overnight,
approximately 12 hours, until only a fine white powder remained of each sample. Each sample
was then reconstituted using 2 mL ddH2O, followed by sonication for approximately 5 minutes
to break up aggregates. The final molarity of the material with respect to silver was 0.235 mM.

2.3.2 Characterization of Materials

After synthesis and purification, AgNP, SiNP and SiAgNP were characterized to
establish the physical and antimicrobial properties of each, referenced against a silver nitrate
(AgNO3) solution of equivalent silver concentration.
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2.3.2.1 UV-Visible Spectrophotometry

The absorbance spectrum of each material, AgNP, SiNP, SiAgNP and AgNO3 was collected in
the range of 200 to 800 nm at a bandwidth of 0.5 nm, utilizing a Cary UV-Vis
spectrophotometer. Two quartz cuvettes were used, with a water blank in the reference cell. An
initial background subtraction was taken after zeroing the machine, and all samples were
disbursed in ddH2O for measurements at synthesized concentrations. Cuvettes were briefly
sonicated immediately prior to measurements to minimize the presence of aggregates.

2.3.2.2 Zeta Potential

10X diluted samples were loaded into polycarbonate folded zeta potential cells, and
placed in the Malvern Zetasizer. Experiment parameters regarding refractive index, extinction
coefficient of the material being tested, and solvent viscosity were input, and testing was autooptimized by the software. An average zeta potential value was calculated from the aggregated
results of each run. The cell was flushed twice with approximately 5 mL of ddH2O between each
sample.

2.3.2.3 Transmission Electron Microscopy (TEM)

TEM imaging was carried out on the AgNP and SiAgNP from synthesis 2 of the material.
15 µL aliquots of freshly sonicated material was drop coated onto ultrathin carbon coated copper
TEM grids, and allowed to dry for 1 hour at room conditions. TEM grids were then transferred to
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separate microcentrifuge tubes and placed under 0.024 mBar conditions for 1 hour to remove any
trace water. Grids were stored overnight in ambient conditions prior to imaging studies.

2.3.2.4 Color Passivation Study

White tiles were purchased from Home Depot, and scrubbed with acetone and Kimwipes
to remove any oils which would inhibit materials from adhering well. After scrubbing and
allowing the tiles to dry, 50 µL samples of each material were spread over an area approximately
3 cm by 3 cm, and allowed to dry under ambient conditions. A picture was taken, then tiles were
then exposed to long and short wave UV radiation for 5 minutes, and briefly heated using a
butane torch, and photographed again to observe the change in color of each material.

2.3.3 Antimicrobial Studies

2.3.3.1 Minimum Inhibitory Concentration (MIC) Study

MIC studies were carried out using broth microdilution in a 96 well plate format.
Organisms were grown for 12 hours in 40 mL of MH2 broth at 37° C on an orbital shaker in 50
mL conical tubes, loosely capped to allow gas exchange. Prior to testing, each organism was
spun down at 4500 g for 3 minutes, and the supernatant discarded. The pellet was resuspended in
40 mL of warm M9/1% glucose broth and incubated a further 2 hours on the orbital shaker.
While incubating in M9/1% glucose media, plates were prepared by pipetting 100 µL M9/1%
9

glucose into each well. Row A was then filled with 100 µL of each material in triplicate, AgNP,
SiAgNP, AgNO3, and serial diluted by transferring 100 µL of each row down one successive row
until 8 dilutions were achieved. 100 µL were discarded from row H, leaving a total volume per
well of 100 µL of broth and diluted antimicrobial agent. SiNP was treated similarly, but was
diluted three times, utilizing columns 11 and 12. Positive and negative growth controls were
included in triplicate in column 1. For each organism, 1 plate was prepared for each time point, 1
hour, 4 hours, and 8 hours.
After incubating each organism for two hours in M9/1% glucose, the turbidity was
adjusted to match a 0.5 MacFarland standard, corresponding to roughly 1.5 X108 CFU/ mL for
testing purposes, using warm M9/1% glucose. 100 µL of 0.5 MacFarland standard organism was
then pipetted into each well for testing, and incubated at 37° C on an orbital shaker for the
designated time. After incubation for the prescribed time, 10 µL of alamar blue was added to
each well, and each plate was incubated a further 24 hours. End point readings of alamar blue
were taken at 570/600 nm, and reduction relative to the positive growth control calculated. Plates
containing E. coil were incubated 48 hours before reading, while S. aureus plates were incubated
24 hours, due to availability of the equipment.

2.3.3.2 Bacteria Viability Assay (CFU Study)

In order to gain a better understanding of the antimicrobial efficacy of each material, we
carried out a colony forming unit study over two time points, 1 and 4 hours. 96 well plates were
prepared and incubated as described for MIC studies, and 10 µL samples from wells containing
the concentrations of antimicrobial agents were taken at each time point. Each sample was then
10

transferred to row A of a 96 well plate containing 90 µL sterile 1X PBS per well, for a final
volume of 100 µL and dilution factor of 10-1. 10 µL of row A was then transferred to row B, and
this dilution was carried out a gradient of concentrations ranging from 10-1 to 10-8 were
established. 10 µL were discarded from row H, leaving a total volume of 90 µL per well. MH2
agar plates labeled by material and time point were then spotted with five 10 µL drops from each
well at each concentration, allowed to dry in the sterile conditions of a biosafety cabinet, and
then incubated 12 – 14 hours before colonies were counted. Colony counts were then used to
calculate initial CFU/mL values for each well at each time point, based on dilution factor.
Relative CFU reduction compared to positive growth controls over time was calculated using
this data.
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CHAPTER 3 RESULTS AND DISCUSSION

3.1 Synthesis of Materials

AgNP, SiAgNP, and SiNP were synthesized in three separate batches on three separate days, as
described above, in order to verify the robustness of the protocol. A representative image of
SiAgNP before and after the addition of NH4OH can be seen in Figure 7. This color change
allowed for visual confirmation of successful coating. Each batch was characterized using UVVis, Zeta potential measurements, color formation studies, and MIC studies, and it was
determined that all possessed similar characteristics. TEM and CFU studies were carried out
using batch 3, which was selected at random for further characterization.

3.2 Material Characterization

Due to the use of lyophilization, it was assumed that no silver was lost during the
purification process. Ethanol, amines, and water were removed, due to their low boiling points,
leaving a white powder in the case of SiNP and a slightly off white powder in the case of
SiAgNP. After lyophilization and reconstitution, it was determined mathematically that the silver
concentration was 25.4 µg/mL. To serve as a reference, AgNP from each synthesis was diluted
to match this concentration for UV-Vis testing, as well as a fresh silver nitrate solution of the
same silver concentration. Averaged and individual spectra for each material from each synthesis
can be seen in Figure 1. The presence of a peak centered around 398 nm was found to be
consistent with particles of approximately 6 to 9 nm in size, per literature.[8, 11] AgNP size was
12

verified using TEM imaging and imageJ software for analysis, seen in Figure 8, with an average
diameter of approximately 6 nm. The crystalline nature of an AgNP can be seen in Figure 9,
observable by the regularity of constructive and destructive interference forming the image,
indicating a highly ordered crystalline structure, likely of a face centered cubic configuration as
determined by other researchers.[17] The absence of the silver plasmon peak in the SiAgNP
spectrum indicates successful coating of the AgNP with silica.[18] Presence of AgNP within the
silica matrix was confirmed using TEM imaging, as seen in Figure 10. Zeta potential
measurements can be seen in Figure 2. Based on these data, it can be judged that SiAgNP
possesses good colloidal stability, as well as verification of loading of AgNP into the SiNP
matrix through the increase in zeta potential compared to untreated SiNP.[19, 20]

3.3 Antimicrobial Characterization

3.3.1 Minimum Inhibitory Concentration Determination (MIC)

Minimum inhibitory concentration (MIC) studies were carried out against two organisms
which have been identified as normal human flora, E. coil, a gram negative rod commonly found
in the gut, and S. aureus, a gram positive cocci found on skin surfaces, at three time points, 1, 4,
and 8 hours of exposure. Using Alamar Blue as an indicator of microbial growth, it was
determined that the efficacy of SiAgNP increased as exposure time increased, suggesting a
gradual release of antimicrobial silver compounds. Figure 3 and Figure 4 show the effects of
concentration and time of exposure of each material against both S. aureus and E. coli. Due to
availability of equipment, readings for S. aureus MIC studies were taken after 48 hours of
13

incubation, leading to breakdown of Alamar Blue, as described in the literature. [21] However, at
higher concentrations of Ag, it can be observed that the levels of reduction never exceeded those
of the positive growth control, indicating that microbial populations were controlled in the wells
corresponding to concentrations greater than 0.792 µg/mL.
It was determined that the novel material, SiAgNP, when tested against E. coli exhibits
an antimicrobial efficacy which lies between that of the AgNP, an initially metallic form of Ag,
and AgNO3 solution, an initially ionic form of Ag. As time of exposure is increased from 1 to 4
to 8 hours, the efficacy of the SiAgNP approached the efficacy of AgNO3. A similar conclusion
can be drawn from testing using S. aureus, however higher quality data would allow for better
analysis.

3.3.2 Bacterial Viability Assay (CFU)

To better understand the antimicrobial effects of the material, a bacterial viability assay
was carried out at Ag concentrations ranging from .725 to .05 µg/mL in each material, as well as
undiluted SiNP for time points 1 and 4 hours. These time points were selected by analyzing MIC
data, and noting a pronounced change in reduction of Alamar Blue between 1 and 4 hours, while
a much smaller change was noted from 4 to 8 hours of incubation. Ag concentrations were
selected to include MICs for each material, allowing for comparison of relative efficacy.
96 well plates were prepared in an identical fashion to MIC studies for time points 1 and
4 hours, and incubated at 37° C for the allotted time. After incubation, 10 µL samples were
drawn off after thoroughly mixing each well, then diluted and spotted onto MH2 agar plates as
described above. Plates were incubated at 37° C for 12 to 14 hours, and observed for growth.
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Reduction of CFU for each material at the selected concentrations at each time point can be seen
in Figure 5 and Figure 6.
It was observed that SiAgNP and AgNO3 were the only materials to achieve complete
killing at the tested concentrations at the given time points, against E. coli. This observation
correlates with widely accepted MIC values for Ag, ranging from 4 to 16 µg/mL [3, 4, 15, 16,
22]. The tested concentrations were selected to gain a better understanding of the degree of
killing of each material across a variety of concentrations, and was biased to avoid 100% killing
efficiency when possible.

3.3.3 Color Passivation Study

Photographs of AgNP, SiNP, SiAgNP, and AgNO3 coated onto white ceramic tile, before
and after treatment with UV and heat, can be seen in Figure 12 and Figure 13. It was observed
that AgNP showed a color immediately after coating, while the other three materials did not.
After UV and heat treatment, AgNO3 became colored, while SiNP and SiAgNP did not. This
result, when taken with the above antimicrobial data, suggests that coating AgNP with SiNP
produces a non-color forming antimicrobial material.
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CHAPTER 4 CONCLUSION
A non-color forming silver/silica nanocomposite material was successfully synthesized
using a multistep procedure, resulting in nanoscale silica spheres containing ultra-small silver
nanoparticles. TEM imaging revealed the average diameter of the silver nanoparticles to be
approximately 6 nm before coating with silica, and approximately 1.7 nm after coating. This
change in size is attributed to the formation of silver-amine complex during the silica coating
step, and subsequent deposition of the Ag into the silica matrix during lyophilization. This results
in no decrease of total Ag content of the material, only a change in how the Ag is distributed.
The average size of the silica particles in the area sampled was determined to be approximately
30 nm. The antimicrobial efficacy of this material was determined to fall between that of a
purely metallic form of Ag (AgNP) and purely ionic form of Ag (AgNO3) as tested, with an
increase in efficacy as time of exposure to the organism increased. From this increase in efficacy,
it is possible to infer that the material slowly releases the antimicrobial form of Ag, Ag+, into the
media, with an increased efficacy when compared to AgNP, due to the decreased size and
increased surface area of the AgNP contained within the silica matrix. The MIC of SiAgNP is
reported as 0.792 µg/mL Ag content at a minimum of 4 hours of exposure.
The colorless nature of the material can be attributed to the immobilization of the Ag
trapped within the silica matrix, damping the plasmon peak. This mechanism can be explained
both by the physical separation of the particles, preventing aggregation, which has been shown to
be a large factor in formation of plasmon peaks, as well as electronically by coating the Ag in a
good dielectric medium, which attenuates the electronic oscillations, blue shifting the plasmon
out of the visible range. Color passivation testing using white tile as a substrate proved that the
16

material suppresses the plasmon well enough to be visually undetectable, allowing further
investigation of use of the material as an antimicrobial surface coating.
The preliminary findings in this study suggest that further characterization and
optimization of the material for use as an antimicrobial surface coating is warranted, and will be
pursued in a future study.
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APPENDIX: IMAGES AND FIGURES
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Figure 1: UV-Visible Spectra of synthesized materials, demonstrating the suppression of
the plasmon peak of AgNP. Averaged spectra were generated by aggregating and
averaging all three spectra for each material from each synthesis.
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Figure 2: Zeta potentials of materials. A change in the zeta potential from SiAgNP to SiNP
indicating successful incorporation of Ag into the silica matrix. Additionally, colloidal
stability of the AgNP and SiAgNP can be confirmed, as zeta potential falls between +/- 30
and 40 mV. [19, 20]
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Figure 3: Graphs demonstrating a time and dosage depending killing trend for the three
tested forms of silver, metallic, ionic, and the novel material. S. aureus against various
concentrations of three forms of silver at: Top Left: 1 hour of exposure; Top Right: 4 hours
of exposure; Bottom Left: 8 hours of exposure. Bottom Right: Data demonstrating time
and dosage dependent killing trend of novel material, SiAgNP.
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Figure 4: Graphs demonstrating a time and dosage depending killing trend for the three
tested forms of silver, metallic, ionic, and the novel material. E. coli against various
concentrations of three forms of silver at: Top Left: 1 hour of exposure; Top Right: 4 hours
of exposure; Bottom Left: 8 hours of exposure. Bottom Right: Data demonstrating time
and dosage dependent killing trend of novel material, SiAgNP.
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Figure 5: Figure demonstrating the reduction in CFU of S. aureus at 5 concentrations of
Ag, ranging from approximately 0.1 µg/mL to 1.6 µg/mL. It can be noted that the efficacy
of SiAgNP consistently fell between that of the metallic (AgNP) and ionic (AgNO3) forms of
Ag tested. Left: One hour of exposure. Right: Four hours of exposure.
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Figure 6: Figure demonstrating the reduction in CFU of E.coli at 5 concentrations of Ag,
ranging from approximately 0.1 µg/mL to 1.6 µg/mL. Top left: One hour of exposure. Top
right: Four hours of exposure.
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Figure 7: Left: SiAgNP after reaction has completed. Right: SiAgNP solution before
addition of NH4OH to catalyze coating. Both solutions contain equal concentrations of Ag.
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Figure 8: TEM image of AgNP demonstrating narrow distribution of size and spherical;.
Inset: Size distribution of particles. Average Size: 6.51 nm. Stdev: 2.62 nm.
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Figure 9: TEM image of AgNP revealing the crystalline lattice structure of the particle.
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Figure 10: TEM image of SiAgNP, demonstrating spherical morphology. Inset: Size
distribution of particles. Average size: 30.5 nm. Stdev: 8.4 nm.
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Figure 11: TEM image of SiAgNP. Black arrows highlight areas of increased electron
density within the particle, indicating the presence of crystalline AgNP. Inset: Size
distribution of particles. Average size: 1.7 nm. Stdev: 0.34 nm.
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Before Heat and UV Treatment

After Heat and UV Treatment

AgNO3

AgNP

Figure 12: Color passivation testing on ceramic tile. Top: AgNO3 does not show formation
of color before treatment with heat, after which a dark brown/black color can be seen.
Bottom: AgNP shows formation of color immediately after coating, and no noticeable
change after heat and UV treatment.
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Before Heat and UV Treament

After Heat and UV Treatment

SiNP

SiAgNP

Figure 13: Color passivation testing on ceramic tile. Top: SiNP does not show formation of
color before or after treatment with heat. Bottom: SiAgNP shows no formation of color
before or after treatment with heat.

31

REFERENCES
1.

Barillo, D.J. and D.E. Marx, Silver in medicine: A brief history BC 335 to present. Burns,
2014. 40(Supplement 1): p. S3-S8.

2.

Van Dong, P., et al., Chemical synthesis and antibacterial activity of novel-shaped silver
nanoparticles. International Nano Letters, 2012. 2(1): p. 9.

3.

Kim, J.S., et al., Antimicrobial effects of silver nanoparticles (vol 1, pg 95, 2007).
Nanomedicine-Nanotechnology Biology and Medicine, 2014. 10(5): p. 1119-1119.

4.

Zhou, Y., et al., Antibacterial activities of gold and silver nanoparticles against
Escherichia coli and bacillus Calmette-Guerin. Journal of Nanobiotechnology, 2012.

5.

Anas, A., et al., Sequential interactions of silver-silica nanocomposite (Ag-SiO2NC) with
cell wall, metabolism and genetic stability of Pseudomonas aeruginosa, a multiple
antibiotic-resistant bacterium. Letters in Applied Microbiology, 2013. 56(1): p. 57-62.

6.

Randall, C.P., et al., The silver cation (Ag): antistaphylococcal activity, mode of action
and resistance studies. Journal of Antimicrobial Chemotherapy, 2013. 68(1): p. 131-138.

7.

Cioffi, N. and M. Rai, Nano-antimicrobials. [electronic resource] : progress and
prospects. 2012: Berlin ; New York : Springer, c2012.

8.

Zheng, L.-Q., et al., Rapid visual detection of quaternary ammonium surfactants using
citrate-capped silver nanoparticles (Ag NPs) based on hydrophobic effect. Talanta, 2014.
118: p. 90-95.

9.

Zhang, Y.F., Y.L. Li, and Q.L. Hu, Colorless antibacterial cotton fabrics based on silver
nanoparticles and chitosan complexes.

32

10.

Fleger, Y. and M. Rosenbluh, Surface Plasmons and Surface Enhanced Raman Spectra
of Aggregated and Alloyed Gold-Silver Nanoparticles. Research Letters in Optics, 2009.

11.

Thomas, S., et al., Size-dependent surface plasmon resonance in silver silica
nanocomposites. Nanotechnology, 2008. 19(7).

12.

Xia, B., et al., Highly efficient uptake of ultrafine mesoporous silica nanoparticles with
excellent biocompatibility by Liriodendron hybrid suspension cells. Science China-Life
Sciences, 2013. 56(1): p. 82-89.

13.

Catauro, M., et al., Silica–polyethylene glycol hybrids synthesized by sol–gel:
Biocompatibility improvement of titanium implants by coating. Materials Science &
Engineering C, 2015. 55: p. 118-125.

14.

Vivero-Escoto, J., Silica nanoparticles. [electronic resource] : preparation, properties
and uses. Nanaotechnology science and technology. 2012: New York : Nova Science
Publishers, c2012.

15.

Liong, M., et al., Antimicrobial Activity of Silver Nanocrystals Encapsulated in
Mesoporous Silica Nanoparticles. Advanced Materials, 2009. 21(17): p. 1684-+.

16.

Egger, S., et al., Antimicrobial Properties of a Novel Silver-Silica Nanocomposite
Material. Applied an Environmental Microbiology, 2009. 75(9): p. 2973-2976.

17.

Khan, M.A.M., et al., Structural and thermal studies of silver nanoparticles and
electrical transport study of their thin films.

18.

Kobayashi, Y., et al., Silica coating of silver nanoparticles using a modified Stöber
method. Journal of Colloid And Interface Science, 2005. 283: p. 392-396.

33

19.

Cho, G.S., et al., Characterization of surface charge and zeta potential of colloidal silica
prepared by various methods. Korean Journal of Chemical Engineering, 2014(11): p.
2088.

20.

Hanaor, D., et al., The effects of carboxylic acids on the aqueous dispersion and
electrophoretic deposition of ZrO2. Journal of the European Ceramic Society, 2012. 32:
p. 235-244.

21.

Nakayama, G.R., et al., Assessment of the Alamar Blue assay for cellular growth and
viability in vitro. J Immunol Methods, 1997. 204(2): p. 205-8.

22.

Klemencic, D., et al., Antimicrobial cotton fibres prepared by in situ synthesis of AgCl
into a silica matrix. Cellulose, 2012. 19(5): p. 1715-1729.

34

